Consequently, in this bacterium, methylamine seems to be metabolized through a different pathway from the TV-methylglutamate pathway.
Twotypes of methylotrophs that grow on methylamine as a sole source of carbon and nitrogen have been reported. The first group oxidized methylamine by methylamine dehydrogenase to formaldehyde and ammonia.
The second group first converted methylamine into TV-methylated products, such as y-glutamylmethylamide (y-GMA), 7V-methylglutamate, TV-methyl-5-hydroxypyroglutamate, and 7V-methylalanine, and then oxidized the TVmethylated products to formaldehyde and ammonia. In Hyphomicrobium vulgare ZV, Loginova et al. described how methylamine was initially metabolized to y-GMA by y-GMA synthetase, and in the next step to Nmethylglutamate, and finally into formaldehyde and ammonia by TV-methylglutamate dehydrogenase.1}
More evidence for this reported that all strains of Methylophaga spp. examined had the alternative of methylamine dehydrogenase or 7V-methylglutamate dehydrogenase from the results on the enzyme activities in the cell extracts.6) In practice, however, we failed to detect either of the enzyme activities in Methylophaga sp. AA-30, whichgrowon methylamineas a sole source of carbon and nitrogen. This report shows that without 7V-methylglutamate dehydrogenase the strain converts methylamine into y-GMAby y-GMAsynthetase and decomposes the y-GMAinto glutamic acid.
Materials and Methods
Microorganisms, media, and cultivation. Methylophaga sp. AA-30 isolated from coastal water was used throughout these experiments. The taxonomical and physiological characteristics of the strain were described in our previous papers.7>8) The bacterium was grown in mineral salts medium containing (per liter of distilled water): Na2HPO4, methylamine solution to the final concentration of 0.2% (w/v) in methylamine culture. The pH of the media was 7.2. The bacterium was maintained on the above mineral salts medium supplemented with 1.5% (w/v) purified agar and was transferred monthy; slants were incubated at 30°C for 5 days and then stored at 20°C. Flask cultures were incubated at 30°C in 500-ml shaking flasks containing 100ml of the medium. The batch culture in ajar fermentor (B. E. Marubishi, MD-500) was done using 4 liters of the mineral salts medium supplemented with 0.05% (w/v) H3PO4 and 0.02% (w/v) KC1 instead of 0.5% (w/v) Na2HPO4 and 0.05% (w/v) KH2PO4under the following conditions: agitation, 300 rpm; aeration, 3 1/min; temperature, 35°C; pH, 7.0 (controlled with 3n NaOH). For growth experiments a 100-ml culture of the bacterium, grown on the same substrate in 500-ml flasks on a shaker at 30°C, was used as an inoculum. Growth was monitored by measuring the absorbance of the culture at 610nm; one absorbance unit corresponded to 0.64mg dry wtml" 1. The activity was assayed by measuring the reduction ofy-GMAin a similar manner to the above. The following enzyme activities were assayed by published methods: methylamine dehydrogenase9); dye-dependent A^-methylglutamate dehydrogenase10); NAD-dependent TV-methylglutamate dehydrogenase1 17 V-methylalanine dehydrogenase12); NADH-dependent glutamate dehydrogenase1 3); NADPH-dependent glutamate dehydrogenase13); glutamine synthetase14); glutamate synthase. : 3) All spectrophotometric assays were done using a Hitachi 330 double beam recording spectrophotometer equipped with a constant temperature curvette housing. The incubation temperature was 30°C in all assays. Protein was measured by the Lowry method with bovine serum albumin as the standard.15)
Measurement
Partial purification of y-GMAsynthetase. The crude enzymeofy-GMA synthetase was prepared from a cell-free extract by the following procedure. To the cell-free extract Partial purification of y-GMA-dissimilating enzyme. The enzyme fraction was precipitated between 50 and 60% saturation with ammoniumsulfate from the cell-free extract in a similar manner as above. The precipitate was dissolved in 50mM Tris-HCl buffer (pH 7.5) and then put on a Sephacryl S-300 column (0 2.6 x 90) equilibrated with the same buffer. The flow rate was 30ml/hr, and 10-ml fractions werecollected to measurethe enzyme activity. Theabsorbanceat 280nmwasmeasuredto monitor the protein during chromatographic separation. Measurement of methylamine. Methylamine in the reaction mixture was separated by the microdiffusion method of Conway16) and the separated methylamine solution was neutralized with diluted NaOH. Borate buffer (0.1 m, pH 9.0) was added to 0.5ml of neutralized solution and 0.5 ml fluorescamine (3 mg Fluram/10ml acetone) was added quickly with stirring. The relative fluorescence intensity of the solution was measured at 480nmwith exciting at 390 nm using a fluorescent spectrophotometer (Hitachi, FP-4) and methylamine was measured from a standard curve prepared by the same procedure for standard methylamine solutions.17) Results and Discussion Activities of enzymes involved in methylamine metabolism The strain AA-30 grew on methylamine or (NH4)2SO4 as a sole nitrogen source using methanol as the sole source of carbon and energy, and also grew on methylamine as a sole source of carbon, energy, and nitrogen. Cell-free extracts of these cells were analyzed for enzymes implicated in the microbial metabolism ofmethylamine and ammonia. The specific activities of the enzymes in the crude extracts are shown in Table I . Although y-GMA synthetase was observed in methanolmethylamine grown cells and methylamine grown cells, methylamine dehydrogenase was absent from these cells. Accordingly, first of all strain AA-30 was considered to transform methylamine into y-GMA, without oxidizing i t directly to formaldehyde and ammonia by methylamine dehydrogenase like Pseudomonas AM19) and Pseudomonas J.19) Since y-GMA synthetase was not found in the methanol-(NH4)2SO4 grown cells, it is thought that y-GMA synthetase is an enzyme induced by methylamine and is different from glutamine synthetase that is detected in the methanol-(NH4)2SO4 grown cells. All cells were harvested at late-log growth phase. Specific activities are expressed as nmol substrate transformed mirT1 (mg protein)" 1. Abbreviations: y-GMA, y-glutamylmethylamide; ND, not determined. Itaconate at 40 mMalmost completely inhibited growth on methylamine, but it had no effect upon growth on (NH4)2SO4. Itaconate is a The cells were harvested sequentially under the growth inhibition with iodoacetate, and intracellular free aminoacids of the cells were assayed by an amino acid analyzer. As shown in Fig. 1 , intracellular y-GMA of the cells grown on methanol-methylamine was accumulated rapidly and simultaneously glutamic acid decreased along with it, but no accumulation of y-GMA of the cells grown on methanol-(NH4)2SO4 was found. Accordingly y-GMA is considered to be accumulated as an intermediary metabolite of methylamine because it accumulated only when the strain uses methylamine. The addition of other inhibitors such as fluoroacetate, itaconate, or semicarbazide did not cause the accumulation of y-GMAalthough it made the amino acid pool of the cells decrease greatly.
Enzymatic synthesis of y-GMA y-GMAsynthetase was partially purified and used for synthesis of y-GMAby the procedure described in Materials and Methods. As shown in Table IV , the formation of y-GMAwas in proportion to the reaction time and accompanied by the consumption of methylamine and glutamate. Since it was not seen after removal of ATPor Mn2+from the reaction mixture, this reaction was considered to have requirements for ATP and Mn2+.
y-GMA-dissimilating enzymes Preliminary experiments showed that y-GMA-dissimilating enzymesoccurred in cell- free extracts of the strain AA-30 and the enzymatic reaction required metal ions, ammonia, and organic acids as the activating co factor. To purify the enzymes from cell extracts, ammoniumsulfate fraction (50 to 60% saturation) was put onto a Sephacryl S-300 column previously equilibrated with 50mM Tris-HCl buffer (pH 7.5) and gel filtration chromatography was done. The results of the chromatography are shown in Fig. 2 . In spite of the measurement of the enzymatic activity with the addition of low molecular weight components required as co factors, a clear peak of the enzyme activity was not detected in the chromatography, and hence a certain fraction (fractions 28-31) of the chromatography was added to the reaction mixture for measurement of the activity. Because a clear peak of the activity was detected by this procedure, it was found that at least two macromolecularcomponentswere essential for y-GMA-dissimilating reaction (the higher molecular weight component and the lower molecular weight componentwere called H protein and L protein, respectively).
Cofactor of y-GMA-dissimilating enzyme
The effects of organic compounds on y-GMA-dissimilating activity were examined and shown in Table V . a-Ketoglutarate was most effective, and thereby the effects of a-ketoglutarate on the activity are represented in Table VI . Without a-ketoglutarate there was little activity, and hence a-ketoglutarate may be a substrate of this enzymatic reaction. The y-GMA-dissimilating reaction was done without either H protein or L protein in the reaction mixture, and the consumption of y-GMA and formation of glutamate were measured (Table VIII) . The consumption of y-GMA was accompanied in the complete reaction mixture by formation of glutamate, which was nearly equal to the decrease of y-GMA. 7V-methylglutamate was not detected by the amino acid analyzer. Neither H protein nor L protein catalyzed a significant decrease of y-GMAwhen they were added separately to the reaction mixture. In addition, because neither H protein nor L protein catalyzed significant formation of glutamic acid when NADor NADPwas added to the reaction mixture, it seems that the activity of glutamate dehydrogenase was absent in both proteins.
From these results it is concluded that methylamine is primary metabolized into y-GMA by y-GMA synthetase in Methylo- The enzymeactivity was measured under the standard assay conditions except that various compounds at 10 mMwere used instead of a-ketoglutarate. The enzymeactivity was measuredunder the standard assay conditions except that various metals at lO mMwere used instead of MgCl2. The enzymatic reaction was done at 30°C for 20min under the standard assay conditions. methylglutamate pathway observed in Hyphomicrobium vurgare1] and HyphomicrobiumX.2)
To confirm whether this strain has an alternative pathway to 7V-methylglutamate pathway or not, we investigated y-GMAdissimilating enzymes in cell extracts of Methylophaga sp. AA-30, and demonstrated the evidence that y-GMA was dissimilated by enzymes without the formation of 7V-methylglutamate into glutamate and unknown compounds. Loginova presumed 7V-methyltransferase converts y-GMAinto 7V-methylglutamate, one of the y-GMA-dissimilating enzymes. The enzyme, however, has not been yet characterized at present time.1* Further studies are in progress to characterize the y-GMA-dissimilating reaction more fully.
